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Introduction 

T h i s  phase of t h e  work car r ied  out under NASA cont rac t  

NAS10-1255 deals with t h e  combustion products found in t h e  

f ireball  and combustion products cloud a f t e r  a l i q u i d  

propellant ezplosion. 

This work is par t  of t he  complete study of t h e  

l iqu id  propel lant  explosion charac te r i s t ics  carried out  

under the above contract .  Some phases of t h i s  work have been 

completed orhers are s L L i l  under way, The completion order  

is not qu i t e  chronological as compared w i t h  the  a c t u a l  

phenomena as t h e y  are occurring i n  t h e  l i qu id  propel lant  

explosions. The main reason beiris t h a t  some of t h i s  work is 

corre la ted  w i t h  other la rge  NASA and A i r  Force P ro jec t s  and 

therefore  t h e  completion OA ce r t a in  par t s  o f  t h i s  work is 

t i m e  dependent upon these other projects .  

Considerable portions of t h e  work ca r r i ed  out  under 

t h i s  cont rac t  have however been reported and are l i s t e d  

In the  references 1,2,3,4,5,6,7 and 8. 

The earlier work, pa r t  of which is sti l l  under way 

for t h e  above ressons,  deals w i t h  the f e a s i b i l i t y  of 

predict ing the  explosion cha rac t e r i s t i c s  of l i q u i d  

propellants.  That such predictions are f eas ib l e  was reported 

upon i n  (1). This  reference presented a method of obtaining 

t h e  y ie ld  without going i n t o  de ta i l  of t h e  involved phenomena. 

It gives t h e  r e s u l t s  expected and needed. 

References 4,5,6,7, and 8 look i n t o  t h e  detai ls  and 

cha rac t e r i s t i c s  of t h e  processes involved, leading t o  t h e  

r e s u l t s  which are to be predicted. 
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The complete probiem is divided inro three d i s t i n c t i v e  

p a r t s  

A .  Chemical Kinetics & Heat Transfer 

B. Fluid Hydrodynamics & Heat Transfer 

C. Combustion and Detonation I n i t i a t i o n  
and Propagation 

In other words,depending upon t h e  type of propel lants  

present and t h e  mode of f a i l u r e  involved t h e  maximum poss ib le  

yield obtainable (yield potent ia l )  can $e determined ( 6 ) .  

This is i f  t h e  propellants a r e  mixed as w e l l  as can be and 

t h e  r e s u l t  is purely theoret ical .  

Since  t h e  mixing of t h e  f l u i d s  1s governed by t h e  

hydrodynamic l a w s  and s ince  we have f l u i d s  a t  d i f f e ren t  

temperatures a l s o  by t h e  fundaaenrals of heat t r a ~ s f e r ,  t h e  

amount of t h e  propellants mixed a t  any t i m e  can be determined 

(6 ,7 )  

The magnitude of t h e  explosion y i e l d  which could be 

obtained a t  any t i m e  is t h e  portion mixed t l m e s  t h e  

t heo re t i ca l  maximum. Thio is because only t h e  port ion of 

the propel lants  mixed a t  t h e  t i m e  of detonation con t ake  

part i n  t h i s  proceoo ( 6 ) .  

Having t h u s  obtolned from A and B t h e  expected y i e ld  

nt any t i m e ,  to determine what t h e  actual yield w i l l  be, it 

l o  necessary t o  know at  what time during t h e  processeo 

detonation w i l l  occur. The determination of t h i s  c r i t i ca l  

time is t h e  prcblem of Far t  C. 
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Studies are LOW ur.c!eez way which deal w i t h  each of t h e  

separate and d i s t i n c t  phencaena and then when enough of 

t h e  informoticn is avai lable  ccmbfting t h e  r e s u l t s  of t h e  

three par te  should give t h e  ac tua l  yield ( 6 ) .  

A f t e r  t h e  detonation has cccurred t h e  behavior of t h e  

f i r e b a l l  from the  explosion which is formed and then 

gradually changes i n t o  a cambustion products cloud ir of 

importance. How large a f i rebal l  i e  formed, what io its 

temperature and what are t h e  pressures inside? TO be able 

to obtain t h i s  kforrnat2on t h e  knzwledge cf how t h e  f i r e b a i l  

comes abcut, how it rccls and then  chargee inzo a combustion 

products cloud is essent ia l .  Thus,fts  behavior is real ly  one 

of t h e  last  groups of phemmena or processes i n  B series. 

So, for t h i s  phase of t h e  work ',he knswledge of t h e  

f i r e b n l l  and combustion cLGuCI, volume-time, pressure-time 

and temperature-time his tor ies  have been assumed known and 

then t h e  compcsition 09 t h e  ccmbustion phenomelza has been 

determined. The compooition of t h e  f2rebal l  or-d cf t h e  

combustion cloud are importon-, aE w e l l  a= t h e i r  in te rac t ion  

w i t h  t h e  atmosphere especial ly  when toxic  materials ouch as 

Fluorine are used in t h e  propellants. 

The volume-time, pressure-time, and temperature-time. 

histories of t h e  explosion from l iqu id  propel lants  were chosen 

as t h e  input s ince  they may be detetlnined theore t ica l ly  or may 

be measured i n  experiments t h i s  giving a cheek on t h e  

t heo re t i ca l ly  determined infozmaticn, w i t h  s t a t i s t i c a l  

var ia t ions ,  etc.  
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For t h i s  report  t h e  best information a v r i h b l e  a t  

t h i s  t i m e  has been us6d  as the  lapst and then rather elaborate 

computer programs have been used i n  obtainicg t h e  desired 

r e su l t s .  Homogeneity of t h e  f ireball  and of t h e  combustion 

products cloud have been assaxed in a l l  calculat ions and 

t h i s  seems t o - b e  a reasoaobly good bireis oioce t h e  turbulence 

of the  reac t ion  processes is great enough t o  tend t o  mix t h e  

d i f f e ren t  products w e l l .  
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Thecry of Approach 

Equilibrium C9mycsition of Chemical Reactiolis Of 

L iquid  Propel lan ts  Taking Place in t h e  Atmasphere. 

T h e  purpose of t h i s  phase of t h e  research program 

is t o  t h e o r e t i c a l l y  determine t h e  amoita of product 

gases formed, as a function of time, as t h e  r e s u l t  of a 

reac t ion  involving l i qu id  propellants and entrained air. 

T h i s  type of reac t ion  is continuoam mince a l l  of t h e  

ava i lab le  f u e l  dces not react immedhtely and furthermore 

t h e  r e s u l t i n g  f i r e b n l l  (which grows w i t h  t i m e  os mre 

f u e l  reacts) cont inual ly  en t ra ins  air. Giver. t h e  i n i t i a l  

amounts of f u e l  and oxidant as w e l l  as t h e  volume - t i m e  

h i s tory  of t h e  f i reba l l  ( theore t ica l ly  determined or as 

observed frm high speed films), equilibrium compositions 

can be determined. 

The  equilibrium compositim for t h e  s y s t e m  of n 

products of reac t ion  is determined by the  simultaneouo 

so lu t ion  of n+l  equations consioting of t h e  equations of 

mass balance, pressure balance and the  d issoc ia t ion  

equations involving equilibrium conatants. 

Assuming a constant pressure process as w e l l  a8 an 

instantaneous r eac t ion  t i m e  and m?Jting use of e i the r  

theo re t i cn l ly  obtained or experimentally determined 

pressure-time and tempernture-time histories of t h e  f i rebal l ,  

a so lu t ion  is found such t h a t  t h e  t o t a l  theoretical volume 
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of t h e  products of react ion is made iden t i ca l ly  equal t o  

t h e  t o t a l  experimental volume by ad jus t ing  t h e  f u e l  burning 

rate and/or ad jus t ing  t h e  amount of entrained a i r .  

first approximation, it is fu r the r  assumed t h a t  no air 

entrainment exists u n t i l  a l l  of t h e  ava i lab le  f u e l  is 

burned . 

As a 

To e f f i c i e n t l y  meet these demands, a computer program 

has been developed. The program is general but limited here 

t o  t h e  following reactants :  l i qu id  hydrogen, kercsene (RP-11, 

l i q u i d  oxygen, l i q u i d  f luor ine ,  and air. F t f t e e r  products of 

reaction were considered. 

The equations and method of so lu t ion  fol lows.  

Controll ing Equations: 

Symbol Description 

moles of LH2 

m o l e 6  of RP-1 

aclee of XA2 

A 4  moles of LF2 

mole6 of air  

A 1  

A 2  

A 3  

A S  

Reactant 

A l H 2  

42CXH2X 

A 3 0 2  

A4F2 

A 5  
1 



The reac tan ts  can then be writ ten as: 

Consider t h e  following prodrcto of react ion;  such 

that the right hand ride of the  equilibrium equation io 

where, 
N - t o t a l  nmber  of lnnlee of products of reac t ion  

P - t o t a l  pressxre 

pi= p a r t i a l  pressure of ith product 

The uislcrowns are p i  (i - 1, ... as), N. Hence 16 

equations are necessary for a solution. The balance 

equat Ions are : 

(a 1 Pressure Balance 

P - Z P i  = 0 
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(d) Nitrogen Balance 

1.584 A5 - (2P4 + P9 + P12) 
Fj 

The above 6 equations can be reduced to 5 equations by 

e l iminat ing Since w e  w i l l  be dealing w i t h  hydrogen 

(either LH2 and / or RP-l), 

t h e  2nd equation i n t o  t h e  last  4 equations. The 5 

equations are: 

P' 
can be eliminated by dividing P 



where Y 1  - Z(A3 + 0.209A5) 

Y2 2(Ap + A2X) 

Y 3  = 1.584A5 

y4 - 
y5 - a 4  

The remaining 10 equations required for a so lu t ion  

are t h e  d issoc ia t ion  equations. Tables of equilibrium 

coe f f i c i en t s  are a v a i h b l e  (20)  i n  terms of par t ia l  

pressures  rather than concentrations of t h e  product6 of 

r e a c t i o n .  The a p p r o p r i a t e  eqwtionr are given below. 



The equilibriun! coef f i c i en r s  Ki vary systematically 

w i t h  t h e  temperature of t h e  reacrion. It i s  assumed t h a t  t h e  

products of reaction calculate2 at a p a r t i c u l a r  temperature 

and pressure, are formed .nstantaneously. Hence, ote need 

only so lve  the above 15 equations for giver. vsLues of P, T, 

and t he  amounts of reactacts, t o  a r r ive  at t h e  equilibrium 

compos it ion. 
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Solution of These Equatims: 

Since t h e  dissociat ion equatiofis are non-linear, t he re  

e x i s t s  no d i r e c t  solution. The Newton-Rnphson method is 

used t o  obtain a " t r ia l  acd error" nolutioc. 

~ n i t i a l l y ,  estimates of pi  (i - 1, ..,15) are 

taken and each of the 15 eqcations is expanded 

In a Taylor 's  s e r i e s  about t h 8  eet3aentee poin t ,  

CorrestioLs to pi are then f3uE3 (4~:) and t h e  

new estimates of p i ,  given by p i  + A p i ,  art used 

in place of the  initial estimateo in (1). 

The procedcre is repeated u n t i l  4 p i  

negligible.  

p i .  

becomes 

Cocsider a so lu t ion  t o  two Eon-Pfnear equatione; 

f(x,y) - 0 ,  g(x,y) * 0. 

Let t h e  i n i t i a l  estimtte of t h e  required so lu t ion  

(x,Y) be t h e  point  q , y l I .  

series about the point (XI , 913, then 

Expanding f ,  g in a Taylor 's  
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or 

and 

Hence the non-linear equations have been trnnrformed 

into l inear correction equations of the form 
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where f, =fi af , fy  -8 , efc. ,  and t h e  der iva t ives  of 

Eecsnd order and hlgher  hove been negPecte3. 

The equations are oolved for A x s  A y and new estimatem 

are given by XI + O x ,  yp +Ay. The procedure 1s repertod 

u n t i l  t h e  deoired accuracy is obtained. 

The f u l l  procedure can beat be daecnfitrated with an 

examp le. 

Example : 

Ccnoider a aclutfon t o  

f (x ,y)  - x2y .+ y2 + 3 = 0 

g(x,y) - x3 - 2xy2 + 457 1 .0  

then 

L e t  x i  = 1, yl - -1, be the initi.1 eotimateo. 

Then oubstitu*,lng into  the liawar cmrsctton equationo 

3- AX -Ay - 0  

-5 + A X  + M y - 0  

t he  solutfon to t h e  above equatisrro is 



14 

A x  - 38/30 2 1.3 
b y  - 7/15 2 0.5 

The new est imates  Of X ,  y are given by x2, j 2  where 

x2 .- x1 + A x  - 2.3 

P2 - Y l  + 4 Y  - -0.5 

Subst i tut ing  i n t o  the  linear correction equations, then 

0.6 2 . 5 4 ~  + 4 . 3 4 7  0 

0 + 1 5 . 4 0 ~  + 1OAy * 0 

The so lu t ion  t o  t h e  irbave equntiszls is 

The new est imatee for x, y become 

The corroct .OlutiOn i r  (2, -1). 

atc 
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For more than 2 unknowrx, t h e  l i nea r  correct ion 

equations take  the ' form 

j(x,y,z,.o*) + ..... 
e t c  . 

where t h e  subscripted var iable ,  f, for exnmple, 

represents  t h e  p a r t i a l  der ivat ive of f (x,y,t  .... 
with respect to x. 

Denoting equations (1) t o  (15) by B i  (i - 1, .... 15); 

t h e  correction equations are given by 

.......................... 

.......................... 
'15 + A 1 5 , 1 ' ~ P 1  + A15,2*AP2 + + A15,15*Ap15 - 0  
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where A i , j  is t h e  p a r t i a l  der iva t ive  of Bi w i t h  

respect t o  Pjo For example, A7, 14 
der iva t ive  of equation ( 7 ) ,  i .e .  B7, w i t h  respect to 

P14. 

first assuming i n i t i a l  estimates of p i .  

estimates of p i  are given by p i  + A p i  and the  procedure 

is repeated unt i l  A p i  

is t h e  partial 

The equations are solved for d p ,  (I - 1 t o  15) by 

Subsequent 

approaches zero. 

The coe f f i c i en t s  of t h e  correct ion equptL.ons ( A i , J )  

arc denoted by matrix A and t h e  constants Bi ore 

denoted by the vector, -8. Hence, i n  matrix notat ion,  

t h e  set of l i n e a r  correct ion equations is given by 

B - A . A p  

and its so lu t ion  is given by 

4~ - A'I B 

where A w l  i m  t h e  inverse matrix. 
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Outline for t h e  Fortran XV Computer Program - 

The program is presently designed t o  handle nine ee to  

of values of pressure, temperature and volume for a given 

propel lant  mixture. That  is, equilibrium coef f ic ieo to  are 

incorporated i n t o  t h e  progrom for valueo of temperature 

between 3000 K and 1400 E i n  200 degree increments. 

Input datr: 

The following Information i a  required: 

(a) Weights of reactants ,  i .e . ,  t h e  

to ta l  amount of f u e l  and oxidizer  

avai lable .  

(b) Yie ld  

(c) Temperature of reac t ion  

(d) Pressure at  which react ion occurs 

(e) Volume of products of reac t ion  

Assumptions : 

The following asourmptiono are implied: 

(a) Constant pressure process 

(b) flrotantrneouo react ion time 

( c )  No air entrainment u n t i l  a l l  of t h e  

r v a i l a b l e  propellanto are used up 
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Procedure 

For each data point (i.e. f o r  a given value of P, 

T, and V) t h e  program determines t h e  p a r t i a l  pressures 

of t h e  products of react ion such t h a t  t h e  theore t ica l  

volume of t h e  product gases is ident ica l  t o  t h e  given 

input volume. 

For t h e  first ds ta  pcint ,  however, s ince  no value 

of volume is avai lab le ,  t h e  y t ~ l d  is used t o  determine 

t h e  i n i t i a l  amoutts of propelIant burned and t h e  par t ia l  

pressures are then determined. 

For subsequent data points,  the fue l  burning rate 

I s  cont inual ly  adjusted and p a r t i a l  pressures are 

calculated in t u rn  so t h a t  f i n a l l y  t h e  resu l tan t  theoretical 

volume becomes iden t i ca l  t o  t h e  given (theoretically 

determined or experimentally evaluated) volume. 

This lat ter procedure is repeated for subsequent 

data points  u n t i l  a l l  of t h e  avai lable  fue l  io used up. 

From then on, air is added as a reactant  combined w i t h  a l l  

of t h e  ava i lab le  f u e l  in order t o  aa t ie fp  t h e  " ident ical  

volume" condition. 

The program almo converts t h e  resu l tan t  partial  

pressures i n t o  t h e  following: 
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1. Pound Holes 

2. Pressure-Rat ios ,  Hole-Ratios, Volume-Ratios 

3. Pound Weights 

4. Weight-Ratios 

The f u e l  burning ra te ,  t h e  amount of en t r a ined  air, 

and t h e  t h e o r e t i c a l  volume for each data poin t  are also 

determined. 

Subrout ine I n v e r t  

The subrou t ine  s o l v e s  t h e  set of l i n e a r  equat ions  

The input  data card is 

CALL INVERT (A,  NA,  NAD, B ,  NB,  NBD, DETERY, IERROR) 

where A - matrix of o rde r  NA 

B - vec to r  having NB-1 cons tan t  vec to r  

NAD - row dimension of A in main program 

NBD - row dimension of B in main program 

DETERH -dummy 

IERROR - dummy 
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The output cons is ts  of Am’ placed i n  A ,  

Ap placed in B,  and t h e  determinant of A placed 

i n  DFTERM. IERROR is an error s ignal  equal to  0 

for successful inversion; equal to  -1 for overflow, 

equal to  +1 i f  no inverse is obtainable. 

The maximum size of A can be 100 x 100. 
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Symbols Used in Main Program 

Subscripted Variablee: 

A - c o e f f i c i e n t s  appearing in the c o r r e c t i o n  equr t iono  

B = cons tan t  appearing i n  t h e  c o r r e c t i o n  equat ions  

C - equi l ibr ium cons tan t s  

P = partial  pressure 

PR - part ia l  p re s su re - r a t io ,  mole-rat io ,  volume-ratio 

PT - t o t a l  pressure 

T - temperature  

TNT - par t ia l  moles 

V - volume 

WHOL - molecular weight 

WT - p a r t i a l  weight 

WTR - par t ia l  weight - ra t io  

F l o a t i n g  po in t  v a r i a b l e s :  

F2 - weight of l i q u i d  f l u o r i n e  a v a i l a b l e  

H2 - weight of l i q u i d  hydrogen a v a i l a b l e  

02 - weight  of l i q u i d  oxygen a v a i l a b l e  

R P 1  - weight of l i q u i d  RP-1 a v a i l a b l e  

RNAIR - mole-rat io  of e n t r a i n e d  air 

RWAIR - weight-rat io  of en t r a ined  air  
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TN 

TNE 

TVOL 

WAIR 

X 

YIELD 

- 
- 
- 
- weight of en t r a ined  air 

- 
- 

t o t a l  t h e o r e t i c a l  moles of products  of r e a c t i o n  

t o t a l  experimental  moles of products  of r e a c t i o n  

t o t a l  t h e o r e t i c a l  volume of products  of r e a c t i o n  

number of carbon atoms in t h e  RP-lmolecule ,  C,&x 

percentage of f u e l  burned at  t i m e  "zero" 

The f ixed p o i n t  v a r i a b l e ,  HA, is t h e  number of 

experimental  runs w i t h  combinations of LEI2 , RP-1, LO2 

and LF2 . 
The For t r an  IV program fol lows w i t h  an example Of 

t h e  ou tput  data for one of t h e  n ine  data p o i n t s  using 

LH2/RP=l/LO2/LF2 and en t r a ined  air. 
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Input Information 

Many d i f f e r e n t  q u a a t i t i e s  could have been chosen for 

t h e  input  information based upon which t h e  desired fireball  

composition and atmospheric chemistry could be calculated. 

For t h i a  i n v e s t i g a t i o n  t h e  

Volume-time h i s t o r y  

Pressure-time h i s t o r y  

Temperature-time h i s t o r y  

were taken as t h e  p r i n c i p a l  i npu t  information, 

The reamon for t h i s  choice w a s  t h a t  another  phase of 

t h i s  over -a l l  program deals w i t h  t h e  t h e o r e t i c a l  de te rmina t ion  

of these func t ions  and most of a l l  t h a t ' i t  is possible t o  . 
measure t h e  above q u a n t i t i e s  and t h u s  verify any theoretical 

r e s u l t s  by a c t u a l  f i e l d  experimentation. Th i s  la t ter  f a c t  

seems t o  be of extreme importance i f  theories are developed 

s i n c e  without experimental  v e r i f i c a t i o n  they are of l i t t l e  

use and c e r t a i n l y  not  much credence can be given t o  them. 

O t h e r  f a c t o r s  such am 9 u e l  burning rates, etc. were 

selected by others (9,lO) but t h e  i n v e s t i g a t o r s  of t h i s  

p r o j e c t  do not  see how such q u a n t i t i e s  could be v e r i f i e d  

experimental ly  and t h e r e f o r e  would remain assumptions 

throughout t h e  work. 
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As menfioaed above much work is being done 011 t h e  

determinat ion of t h e  volume-time, pressure-time, and 

temperature-time h i s t o r i e s  of the explooion phenomena from 

a t h e o r e t i c a l  po in t  of view. Rather than  w a i t  for  t h e  

r e s u l t s  from t h i s  separate i n v e s t i g a t i o n  and because of 

c o n t r a c t  commitments it was decided ';Q presen t  t h e  methods 

of ob ta in ing  t h e  f ireball  and cornbustion cloud composition 

from such input  data as mentiomd abeve and for t h e  present  

combine both thea ry  and experimental infcrmat2on t o  obtain 

t h e  most p l a u s i b l e  func t ions  at  t h i s  t i m e .  

A brief d e s c r i p t i o n  of how t h e  volume-time, pressure-time, 

and temperature-time func t iozs  have been determiced for t h i s  

report follows. 

Volume - Time Histozy of F i r e b a l l  and Combustion P r ~ d u c t s  

Cloud from Liquid P rope l l an t  ExpLocims 

The voPume of combustion products  produced by Piquid 

prope l l an t  explosions t r ansg res ses  a number of stages w i t h  

t i m e ,  changing in shape from one t y p i c a l  c o c l f g u r a t i o n  

i n t o  another .  These stages can be observed in the high 

speed film records of such e x p l ~ s i o x l s  and can be, i n  part 

a t  least, analyzed m a t h e m a t i c a l l y  or theoretically.  Theoe 

major stages are: 
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1. Hemisphere 

2. Truniested Sphere 

3. Sphere 

4. Pinched Sphere 

5 .  TOr6id 

The above 5 stages are d i s t i n c t  and can be observed i n  

a t  least t h e  larger explosions.  

Staae 1 : HemisDhere 

T h i s  stage is t h e  earliest one which can be observed 

and is of r e l a t i v e l y  s h o r t  durst5on. It  invo2.ves a very 

rap id  growth af t h e  combustion products  both a long  t h e  

ground and up into t h e  atmosphere so t h a t  t h e  shape can 

best be approximated by a hemisphere. The size o f . t h i s  

i n i t i a l  hemisphere depends upon t h e  y i e l d  of t h e  l i q u i d  

p r o p e l l a n t  exp l0s i sn ,  t h e  very rapid combination of t h e  

fuel and oxidizer so ae to form detonation and shock waves. 

The larger t h e  y i e l d  t h e  laEger the i n i t i a l  hemispherical  

f ireball. 

Stage 2 : Truncated Sphere 

Following t h e  very rapid formation of t h e  hemispherical  

f i reba l l  from l i q u i d  p r o p e l l a c t  explos ions  t h e  ho t  
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combcstior. products  begin t o  rise. T h i s  upwo~d rnction, and 

t h e  convection c u r r e n t s  due t o  t h e  bouyar;t f o r c e s  undercut 

t h e  rising mass thus  forming a t runca ted  sphere, f n  con tac t  

w i t h  t h e  ground a t  t h e  f l a t  base. 

As t h e  c e n t e r  of t h e  mass rises t h e  f i reba l l  changes 

more and more from t h e  o r i g i n a l  hemisphere i n t o  a sphere,  

t h e  shape which is a t t a i n e d  wner tne combustion products  

become e s s e n t i a l l y  tangent  ts -,ne gro;md. 

T h i s  stage i n  t h e  devslopmezkt is r e f e r r e d  t o  as 

" L i f t  O f f " ,  a t  which most of t h e  f u e l  seems t o  have been 

consumed ( 9 , l O ) .  

S tage 3 : Sphere 

Having a t t a i n e d  e s s e n t i a l l y  a spherical conf igu ra t ion  

a t  " L i f t  O f f "  t h e  combustion p~oducts con t i sue  t o  rise as 

a rather t u r b u l e n t ,  w e l l  mixing sphere which however 

g radua l ly  changes shape from t n b  , h o s t  perfect sphere 

i n t o  t h e  first s l i g h t l y  pinched and then  rather pronounced 

pinched sphere. 

Stbge 4 : Pinched Sphere 

The change from t h e  spherical conf igu ra t ion  to t h e  

pinched sphere i e  rather gradual  end t hen  as t h e  i t d e n t a t i o n s  

become larger and larger, t h e  appearance of t h e  sphere io los t .  

A cross-sec t ion  by a v e r t i c a l  p lane  through t h e  cexxer would 

give t h e  appparance of a "Bar Bell." 

As t h i s  process continues t h e  inden ta t ions  w i l l  

eventua l ly  touch,  forming a t o ro id .  
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Stage 5 : Toroid 

From t h e  t i m e  t h e  t o r o i d  is formed t h e  i n i t i a l  

con tac t  po in t  of t h e  inden ta t ion  becomes a hole w i t h  

t h e  general  conf igu ra t ion  of 8. ring or doughnut. 

As t h i s  t o r o i d  grows in diameter t h e  size of t h e  

hole increasem butt t h e  volume now ah t h i s  s t a g e  Of 

development inc reases  r e l a t i v e l y  slowly. 

F i n a l l y  t h i s  well def ined  confPgGratAoa diffuses  

i n t o  t h e  atmosphere l o s i n g  its resemblance ta any 

characterist ic shape and being con t ro l l ed  to a great 

e x t e n t  by t h e  p reva i l i ng  atmoapheric condi t ions.  

Each of these stages a6 descrPbed abawe and 

schemat ica l ly  shown in Fig. 1, takes a longer  acd larger 

p a r t  on t h e  time scale. Stage 1 may occur in f r a c t i o n s  

of a second while  the las t  stage w i l l  be a matter of 

minutes 
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FIGURE 10. TYPICAL DEVELOPMENTAL CONFIGURATION STAGES 

OF LIQUID PROPELLANT EXPLOSIONS 

STAGE 1-. HEMISPHERE 

STAGE 20. TRUNCATED SPHERE 
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STAGE 4-. PINCHED .SPHERE 

I 

STAGE 50. TOROID 
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k i n g  t h i s  5 stage concept for the purpose of a n a l y s i s  

a volume versus t i m e  curve can be obtained,  either 

theoretically by the  use of r e s t r i c t i n g  assumptions or 

by t h e  a c t u a l  a n a l y s i s  of high apeed f i l m  reccrds of 

l i q u i d  propel lan t  explooiono. 

The v a r i a t i o n  I s  greatest i n  s t a g e  1 which i n  

c o n t r o l l e d  by t h e  y i e l d  whi le  t h e  n t a t i o t i c a l  d i f f e rences  

are rather small (but nomewhat depomdent upon atmoopheric 

condi t ions)  an long as t h e  name q u a n t i t i e s  of propelLanto 

are involved and it is assumed that essentially a l l  t h e  

p rope l l an t s  take part in the formation of t h e  f i r e b a l l  

and cloud (9,101. 

I 

I 

Fig. 2 shown t h e  volume versus time curve for the 

The y i e l d  an reported was about 5 - I V  Pyro experiment. 

4 1/2 % which io in agreement w i t h  t h e  p r e d i c t i o n s  of 

re ference  (I) . 
Simi lar  volume versu8 tune curven have been developed 

for t h e  varioun fuel oxidizer comblnationn conoidered and 

reported upon here.  

I 
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Pressu re  - Time His tory  of F i r e b a l l  and Combustion Products  

Cloud from Liquid P rope l l an t  Explosions 

The pressure - time h i s t o r y  as presented  here and 

as used as input  data for t h e  deturminat ion 0f t h e  

composition of both t h e  fireball and t h e  combustion 

products  cloud w a s  determined wrtially from pre l iminary  

t h e o r e t i c a l  cons ide ra t ions  ( 8 )  and p a r t i a l l y  from t h e  

analysis of f i e l d  data obtained by t h e  l i q u i d  p r o p e l l a n t  

explosion program of p r o j e c t  PYRO (12). 

The theoretical analysis was necessary for the early 

time processes  o ince  no experimental  data is a v a i l a b l e  and 

t h e  r e s u l t s  were then  checked and agreed w i t h  experimental  I 
I 
I 
I r e s u l t s  in the  later s t ages .  
I 
I 

In gene ra l  it might be said t h a t  t h e  p re s su re  

immediately after i g n i t i o n  rises very r ap id ly  t o  very 

high va lues  i n s i d e  t h e  missile due t o  the confinement of 

t h e  p r o p e l l a n t s  and t h e  tanks, reaching a maximum some 

where as t h e  r e a c t i o n  f r o n t  progresses  toward t h e  boundary 

of the  m i s s i l e  conf igura t ion .  A f t e r  t h i s  maximam is 
I 

reached t h e  p re s su re  falls very r ap id ly  t o  almost 

atmospheric condi t ions .  

From t h e  t i n e  of '*Lift=Off*' of t h e  f i r e b a l l  which 

occurs a t  e s s e n t i a l l y  atmospheric p re s su re  (13) t h e  p re s su re  

drops very slowly due t o  t h e  rise of t h o  explosion products  

and t h e  effect on atmospheric pressure due t o  a l t i t u d e .  
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The p res su re  - time h i s t o r y  presented  here f o r  

approximately 100,000 lbs  of prope l l an to  w a s  used €or 

a l l  t h e  p rope l l an to  r epor t ed  upon here. 

Analyois of t h e  s p a r s e  experimental  in format ion  of 

l i q u i d  p rope l l an t  explosion experiments seem8 t o  suppor t  

t h i s  genera l  p reosure  = time h i s to ry .  

by t h e  explooion w i l l  change t h e  early va lues  of t h e  

precsure. 

was taken based upon t h e  most l i k e l y  va lue  as given in 

The y i e l d  produced 

Again for t h e  a n a l y a l s  here a y i e l d  of 4 1/2 % 

r e f e r e n c e  (5) . 
The a c t u a l  curve used here is presented i n  F i g .  3, 

If better information is t o  be used an experimental  program 

could be i n s t i t u t e d  t o  a c t u a l l y  measure these p res su reo ,  

an important reason f o r  t h i s  choice of i npu t  in format ion  is 

because it al lows t h e o r e t i c a l  determinat ion and exper imenta l  

v e r i f  i c a t i o n .  
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Temperature - Time His tory  of Fireball and Combustion 

Products  Cloud from Liquid P rope l l an t  Explosions 

The t h i r d  and lAot p r i n c i p a l  input  information seeded 

for t h e  determinat ion of t h e  comporsitlon of t he  f ireball  

and combustion products  c loud inc luding  a i r  entrainment and 

atmospheric i n t e r a c t i o n  is t h e  temperature - t i m e  

r e l a t  ionohip. 

Again t h e o r e t i c a l  cons ide ra t ions  and She a v a i l a b l e  

rough experimental  observa t ions  of f i r e b a l l  temperature6 

and v a r i a t i o n o  w i t h  t i m e  i n d i c a t e  t h a t  t h e  i n i t i a l  temperature  

is close t o  t h e  m a x i m u m  ob ta inab le  by t h e  p a r t i c u l a r  p rope l l an te  

involved. Then, a t  Pow y i e l d s  at least, s i n c e  only  a s m a l l  

part of t h e  propellantrs take part in t h e  i n i t i a l  stages of t h e  

fireball formation t h e  r e a c t i o n  of t h e  remaining f u e l  and 

o x i d i z e r ,  both in t h e  p r o p e l l a n t s  as w e l l  as t h e  atmosphere, 

make t h e  temperature  drop wi th  temperature In an a l m o ~ t  l i n e a r  

manner. T h i s  is observed i n  t h e o r e t i c a l  work (9,101 and seemo 

t o  be c l o s e l y  rpproximated by t h e  a v a i l a b l e  experimental  

information (12) 

T h i s  l i n e a r  decreaoe of t h e  temperature w i t h  t i m e  

cont inue6 u n t i l  t h e  incandeecence of t h e  f ireball  ends o f t e n  

referred t o  as t h e  "duration" which can be approximated as 

shown in (13). 

For t h e  purpose of a n a l y s i s  here it w a 6  aesumed t h a t  
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t h e  a c t u a l  v a r i a t i o n  can be c l o s e l y  approximated by 

f u r t h e r  l i n e a r  decreases changing t h e  s l o p e  ta a va lue  

1/2 t h e  previous one f o r  each subsequent "damktion" 

t i m e  i n t e r v a l .  

By t h i s  method a curve r ep resen t ing  t h e  temperature- 

time h i s t o r y  of t h e  l i q u i d  p rope l l an t  explosion is obta ined  

which from both t h e o r e t i c a l  and t h e  a v a i l a b l e  s p a r s e  

experimental  ob6ervat ions seems t o  approximate t h e  a c t u a l  

condi t ions .  This again is token h e r e  for Bow y i e l d  

(4 1/2 % in t h i s  case) l i q u i d  p rope l l an t  expLcsioGa. 

Again it is bel ieved  tha t  an  experimental  progpam can 

be designed, i f  desired, t o  ob ta in  t h l o  temperature - t i m e  

h i s t o r y  for var ious  cases and v e r i f y  or modify t h e  p r e s e n t l y  

u6ed information,  which is presented  in FLg. 4 and again was 

used f o r  a l l  t h e  f u e l  - ox id ize r  combinations analyzed and 

r epor t ed  upon here. 

It 6houlQ be mentioned aga in  that  t h e  volume-time, 

pressure-time, and temperature-time h l o t o r i e s  were sePected 

as the  p r inc ipa l  i npu t  data because it is f e a t  by these 

i n v e s t i g a t o r s  t h a t  t h i s  information which can be generated 

w i t h  appropr i a t e  assumptions t h e o r e t i c a l l y ,  can be v e r i f i e d  

experimentally. In a d d i t i o n  these volume-time, pressure- t ime,  

and temperature-time h i s t o r i e s  are of great i n t e r e s t  to o t h e r  

i n v e s t i g a t o r s  for var ious  reasons.  A nucber of groups are 

p r e s e n t l y  engaged i n  t r y i n g  t o  measure pressures and 
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temperatures  wi th in  f i r e b a l l s  and of combustion products  

c louds produced by l i q u i d  propsflmt explss lons.  

I t  should a l s o  aga in  be emphasized t h a t  in t h i s  

i n v e s t i g a t i o n  homogeneity of the f ireball  as w e l l  as of 

t h e  combustion products  cloud was assumed. These 

assumptions seem t o  be reasonably w e l l  satisfied because 

of t h e  tremendous turbulence  observed wi th in  t h e  f i rebal l  

which t ends  t o  produce thorough mixing w i t h i n  a r e h t i v e l y  

s h o r t  t i m e .  

I n  a d d i t i o n  to t h e  p r i n c i p a l  input  information,  t h e  

volume-time, pressure-time, and temperature-time func t ions  

it is necessary t o  know 

4. The Type of Propel lan to  

5.  Prope l l an t  Composition 

6. Prope l l an t  Quan t i t i e s  

7 .  Yield 

. 4,5, and 6 are easily ob ta inab le  as or ig ina l  data, 

whi le  7 i o  selected t o  o b t a i n  t h e  r e s u l t s  f o r  this p a r t i c u l a r  

value of y i e l d ,  a ~ l u 8  which may again be dictated by 

t h e o r e t i c a l  cons idera t ions .  
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Type of P r o p e l l a n t s  

The type  of p r o p e l l a n t s  selected fop t h i s  p r e s e n t a t i o n  

are combinations of f u e l  and oxid izora  which are p r e s e n t l y  

used in l i q u i d  propel led  rocket  sytatgmo or combinations 

which may become important in t h e  f u t u r e  development of 

these rocke t s .  

The method however used is p e r f e c t l y  gene ra l  and any 

p r o p e l l a n t  type  and combinations could be analyzed in t h e  

mame manner. 

The types  s e l e c t e d  for t h i s  p reoen ta t ion  are: 

U2/W2 + l % F  
+ 5% F 
+ l W F  

RP=l/U)2 + 1% F 
+ 5% F 

10% F 

+ 1 m F  
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Prope l l an t  Composition 

The p rope l l an t  type  w a s  ou t l i ned  above with t h e  

composition of f u e l  t o  ox id i ze r  chosen as fol lows:  

m2/Lo2 1 : s  by weight 

RP-l/LOz 1 : 2.25 by weight 

m 2 / m 2  

RP-l/LF2 

LH2/Bp-l/L02 1 : 2.6 : 5.86 by weight 

In t h e  combinations w i t h  F luo r ine  traces t h e  weight 

r a t i o s  of t h e  main c o n s t i t u e n t s  were t h e  name as given obovo. 

The chemical compooition of t h e  RP-1 was t aken  as 

C11.6 H23.2 which warn obtained from r e f e r e n c e  (14). 

P rope l l an t  Quan t i t i eo  

The p r o p e l l a n t  q u a n t i t i e s  were t aken  a6 100,000 Ibo in 

a l l  cases. Th i s  allowed t h e  s t a n d a r d i z a t i o n  of t h e  pressure-  

time and temperature-time h i s t o r i e s  f o r  t h e  p re sen t  a n a l y s i s ,  

s i n c e  it seems t h a t  t h e  q u a n t i t y  of p r o p e l l a n t s  used ha8 the 

major e f f e c t  on t h e  t ime a x i s  of pressure and temperature.  
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Yield - 
The y i e l d ,  t h e  energy release as a f r a c t i o n  of t h e  

t h e o r e t i c a l  maximum, for these c a l c u l a t i o n s  and ana lyses  

w a s  t aken  as 

i n v e s t i g a t i o n s  (5) and from experimental  oboerva t ions  (5,121 

seems t o  come c looe  t o  t h e  s ta t is t ical ly  most probable  va lue ,  

4 1/2 $ which from previous theoretical 

Again it might be mentioned t h a t  o t h e r  d u e s  could  bo 

taken j u s t  as w e l l  without changing t h e  method of analysis, 

The r e s u l t i n g  compositions of t h e  f i rebal l  and explos ion  

products  cloud would, howevers be d i f f e r e n t .  

With t h e  i apu t  information as described above a number 

of cases were analyzed and many q u a n t i t i e s  ca l cu la t ed .  

Rather elaborate computer programs were developed f o r  t h i s  

purpose and t h e  main program w i l l  be presented  in t h e  

appendix. 

The r e s u l t s  which oeem t o  be most p e r t i n e n t  t o  t h i s  

i n v e s t i g a t i o n  are presented  in t h e  fol lowing pagea, moetly 

in graphical form. 



42 

Resu l t s  Obtainable 

U t i l i z i n g  t h e  d a t a  information as discussed  above and 

t h e  c a l c u l a t i o n  and analyzing procedures o u t l i n e d  earlier 

many important q u a n t i t i e s  can be ca lcu la t ed .  

Because of space l i m i t a t i o n s  only t h e  ones most 

p e r t i n e n t  t o  this i n v e s t i g a t i o n  w i l l  be presented  here. 

They are only a small f r a c t i o n  of a l l  t h e  q u a n t i t i e s  

c a l c u l a t e d  but even though t h e y  form about 70 graphs many 

of them w i t h  a number of i nd iv idua l  curves  on them. 

As mentioned earlier the same pressure-time, and 

temperrture-time h i s t o r y  was used for  a l l  t h e  p rope l l an t  

combinations presented  here, but i nd iv idua l  volume-time 

histories for  each type  of prope l l an t  had t o  be ca l cu la t ed .  

Then through a rather large i t e r a t i v e  computer program 

such q u a n t i t i e s  as p a r t i a l  moles, par t ia l  p re s su res ,  par t ia l  

volumes, p a r t i a l  weights,  volume of air en t r a ined ,  weight of 

air e n t r a i n e d ,  unburned f u e l  p r e s e n t ,  etc.# were ca l cu la t ed .  

Some of these q u a n t i t i e s  were then normalized and a 

few of them aro proeented here g r r p h i c a l l y  as a func t ion  of  

time. They are 
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a. Fuel and ox id ize r  consumption, w g t .  (Normalized) 

b. Volume of en t r a ined  air (Normalized) 

C. Partial  pressures ’ (Normalized) 

d. P a r t i a l  volumes (Norma 1 iz ed ) 

e. Par tPa l .weighto  (Normal ized) 

These r e s u l t s  arnd t h e  manner of p r e s e n t a t i o n ,  it is 

bel ieved ,  g ive  a good p i c t u r e  of t h e  composition and its 

time v a r i a t i o n  of t h e  f i reba l l  and t h e  combustion products  

cloud for 14 d i f f e r e n t  p rope l l an t  combinations. 

I t  i o  be l ieved  t h r t  t h e  graphs are se l f -explana tory  

and t h e  characteristics of t h e  d i f f e r e n t  fue l -oxid izer  

cambinrtions can e a s i l y  be compared. 

The F luo r ine  tracer q u a n t i t i e s  added seem t o  have 8 

hypergol ic  effect upon t h e  cryogenic p r o p e l l a n t s  t o  render  

t h e  p r e d i c t i o n  of t h e  most probable i g n i t i o n  and de lay  

times and t h u s  y i e ld  more certain. 
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Presentation of Selected Retaults 
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RP-1 / Lo2 
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148218 STEUAilT a060. REACTlOh PRLDUCTS 
LlEJGD GL 
SIBFTC MAIN NLCECK 

CINFkSIUh A l l 5 ~ 1 5 1 r 0 l 1 3 l ~ T O ~ ~ t o l P T ( 1 5 ) , P ( 1 5 ~ ~ ~ ~ ~ ~ 5 ~ r ~ l ~ ~  

HEAU(S*ICZI X r  PA 
REAC 15. 1 C 5  1 t T I J I r Jzlr 9 1 
REAC t 5 * 110) I PT I J 1 9  J = l r  9 )  
READ15rlC6l l I C l l ~ J ) r J = 1 ~ 9 ) r I ~ l r l ~ )  
REAU 15rY9J (hMOL1J)r J = l r B )  
READ ( 5 . 9 9 )  1ClMOLlJ)r J t 9 r 1 5 )  
GO 7 I=lrlO 
CO 7 Jtlr9 
IFtCL 1 1  J )-83-03/2-3131r32132 

C:Y.ENSIOA n T 1 1 5 ~ ~ ~ K 3 L l i 5 ~ r h ~ R 1 1 5 1 . T k T o  

32 CI11J)=86-/2*31 
31 CONTINUE 
7 CIZrJ)=lO.**CII*J) 
READ LSt13GJ YIELD 
00 10 KLJzArHA 
READ 151103) ( V I  J)r J-lr5) 
READ 15r1031 ( V I J l r  J = 6 r 9 )  
READ ( 5 r 1 0 1 )  H29 RPlr 02 .  F2 
€41~H2/2.016 
B2 * R P 1 / 1 1 4 - 0 2 6 * X I  
B3=Ci2/32. 
B4=F2/3B 
A l = Y I E L D e B l  
AZ=YXELD.B2 
A3=YIELU*83 
A 4 = Y  IELD.04 
IFtA13300.300.301 

300 A l S . 0 1  
301 IF(A21302r302.303 
3 0 2  AZ=-Ol  
303 IFlA31304a304r305 
304 A 3 = * 0 1  
305 IC L A4 I306r3060 307 
306 A4=-01  
307 A S = - O l  

DO 222 I=L.lS 

00 10 JXl r9  
f N E = P T ( J ) ~ V 1 J ) / ( T I J ) ~ l - 3 1 4 ~  
WRITE ( 6 . 2 2 0 1  
WRITE L6r130) H2 
WRITE 16rl3l) RPA 
WRITE (6.1321 0 2  
YRITE 46.1331 F2 
M I T E  (6.134) 
WRITE L6.1351 T I J )  
WRITE 16.136) PTlJJ 
WRITE 16,137) U t J I  
iFLJ-1)600~600r601 

222 P(l~=Pfll)/l5. 

600 WRITE(6o237)YIELO 
601 YRITE (69138) 

hRITE (6.139) 
hRITE (6.140) 
WRITE (6,1413 
YRITE 16.142) 
K l - 0  

B KL=KA+l 

13 1 



- 
Y l ~ Z ~ + ( A 3 + 0 . 2 0 9 + A 5 1  
Y Z = Z . * ( A l + A 2 + X I  

Y4rA2.X 
Y5=2. * A 4  
00 l I = l r l S  
DO 1 K = l r 1 5  

Y 3 = 1 * 5 8 4 * A 5  

132 





134 



13 5 

.. 

99 FORMATteF7.3) 
130 FORRPTI F7.4) 
101 FOR~ATI4F10.2) 
220 FORMAT I/////r8Xt 28HACCU.\,T GF PRCPtLLAf;TtPL,U';LS 1 
130 FOR~~T(lZX,4~Lh2=F13.2) ' 

131 F O R ~ ~ T I ~ ~ X I S ~ R P - ~ ~ F ~ O . Z )  
132 F G R M A T ( ~ ~ X I C ~ L O ~ I F ~ J . ~ ~  
133 FORMAT(l2X,C~LF2~F10.21 
134 F O R M A T I / / ~ & X I ~ ~ ~ E X P ~ R I ~ ~ ~ T & L  VALUES OF T I P I V  1 
135 FURnATIJ.12Xr16HUECHEES KELWJt+ =F7.1) 
136 F O R ~ A T ~ ~ ~ X I ~ Z H A T ~ C S P ~ E R ~ S = F ~ . ~ )  
137 FDRMATIlZK~llhCUBIC FEET=FlZ.P) 
237 F O R ~ A T ( ~ ~ X I ~ ~ Y I E L D ~ F ~ . ~ )  
138 F O R ~ A T ~ / / ~ ~ ~ X I ~ O ~ T H E C R E T I C A L  RESLLTS 1 
139 ~ O R M A T ( / r 8 X ~ 3 9 ~ I D E N T I F I C A T l ~ ~  OF PRCDUCTS OF REACTIGN I 
140 F O R M A T I / r 8 X , 3 H H 2 C ~ 5 X ~ 3 ~ C C 2 ~ 5 X ~ 2 h ~ 2 ~ 6 X ~ 2 H ~ 2 ~ 6 X ~ 2 h F 2 )  
141 FORMAT I BX 2HC2 9 6 X r2HkF16X 2HCC * 6 X 9 2HkG 6x9 ZHUH) 
142 F O R M A T ~ ~ X I ~ H H ~ ~ X ~ ~ H N ~ ~ X ~ ~ H F ~ ~ X ~ ~ ~ C ~ ~ X ~ ~ ~ ~ ~  
104 FORMATI8Xm13rZOH X T E R A T I C Y S  RtPbIilEO) 
111 FORMATIl~19X~17HPARTIAL PRESSURES) 
112 FOR~AT(dX,5lF7.3rlX)) 
113 FOR~ATl/r32I~l1HPOUNC MCLES) 
114 FORCbTISX,51F12.2,1X)) 

116 FORnAT(/r32X,13~PCU.JC LEIGhTSf 
119 FCJRMAT(SX*5( F12.011Xl) 
120 FORMATL/.~~XI~~HWEXGHT RATIUSI 
212 FORMATIaX~SF7.41 
121 FORMATl/rBX,19HaURNIht RATEpPCUhDS) 
122 FORMAT(~X,~~LHZIF~~.O) 
123 FORMAfl9XrShRP-lrFl2.0) 
12 4 FOR M A  T I 9 X r  4HLG21 F 12 0 1 
125 FORHAT(9X,4HLFZ~flZ.C) 
126 FORMATI/r8~r23HAROU~~T OF EdTRAIkED & I R )  
12 7 
12 8 
129 F O R M A T ~ U X I Z ~ ~ P R E S S U R E ~ ~ ~ L E ~ ~ O ~ U ~ E  X k T I D s F 6 . 3 )  
230 FORMATl~X~13hWEIGHT RATIC=F7.4) 
161 FORMATI/r8X,30HTOT4L THECRETICAL POUND MULES=FlZ.C) 
143 F O R ~ A T ( / ~ ~ X I ~ ~ W T H E O R E T ~ C ~ L  VOLbKE~Fl2.9) 

' 115 F O R Y A T I / , ~ ~ X I ~ ~ ~ P K E S S U R ~ ~ ~ O L E ~ ~ C L U ~ ~  RATICS ) 

FORCAT L BX v6HROLE S=F 12 e 0  1 
FORRAT I 8 X 7HPOUNCSa F 12 0 1 

RETURN 
t ND 

SDATA 
11.6 3 
3000. 2800, 2600. 2400- 2200. 2000. 1800- 1600. 1400. 
31.7 1.52 1.25 1.12 1.05 1. 10 1. 1. 

13*0505 15.0772 17.4062 20.1232 23.3337 L7.1655 31.8923 37.7738 45.3324 
1-6064 2.1772 2.8344 3.5594 4 . 5 C l O  5.5798 6.8941 I3.5311 10.6275 

-3.9111 -3.7015 -3.4608 -3.1816 -2.8534 -2.4616 -1.9b59 -1.3945 -.63d&i 
1.8415 2.4756 3.2066 4.0586 5.0643 6.2695 1.7403 9.5756 11.9307 
3.6997 4.4307 5.2726 6.2528 7.4086 8.7922 10.4788 12.5810 15.2752 
11.6713 13.0338 14.6045 16.4352 18.5966 21.1678 24.3515 20.3020 33.3754 
2.8677 3.9299 4,2957 5.1811 6.2293 7.4846 9.0165 10.9274 13.3789 
1.7434 2.2979 2.9363 3.6792 4.5549 5.6027 6eb793 8.4657 10.5~67 

3.8617 5.0661 6.4532 e.0683 9.9730 12.2533 15.0332 18.4983 zi.9395 

5.7i61 6.6404 7.6940 8.9216 10.3703 12.1063 14.2247 16.8684 iC.2614 

18.016 44.01 2.016 28,016 38. 32. 2O.OC8 28.01 
30.008 ~7.00~) 1.008 i4.ooa 19. 12.01 16. 
,045 

0- 12000000. 175G0000. 200000GO. 210CCOOO. 
21000000. 25500000.  34000000. 44500000. 



13 6 
. __ . - . - . . .. . . . __. -. _. 

167C0.00 0.CO 83300.00 5000.00 
0. 6500000. 95C3S30. 113o~ooc. iz,xx:'ir. 

0. Z L O ~ O C C O .  ~ Y ~ c c c : ~ .  3 4 5 c ; m c .  3 e : i c o ~ c .  

1 3 G O O O O  0 1 SO0000 0 1 8 5CSC :!O 2 3 - C 00; G 
0.00 33800.00 6923t.63 5CL0.09 

40000000. 4 7 J 0 0 0 3 0 .  60CCOO:Z. 7 6 L C G C O C .  
703G.00 7>300.GG 1'7'730.03 SCC5.Cd 

i C F I L E  
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SUBRGUTlhE IKVERT ( ~ r N A i r N A U 1 ~ B ~ N B l ~ N 8 D l r D E T E R ~ ~ I E R ~ O R J  
O I U t N S I C N  1I4CEXl100) 81(100J 0 A(A) 611) 
t P U l  WALthCE (81, I N C t X  1 

L 111 i T 1 Ai. I2  E 
1 CALL U V c R f L  (fhOtX) 

10 fbA = h A l  
NAL - kAL1 
hb = M A  
1x80 h l L l  
LET 1.0 
IERACR = Q 
CG 20 I 1 r h A  

20 I M I E X l l )  = - A  
GO 130 I l r N A  

P I V L T  = 0.u 
XJ * 0 
LO 60 J 1rhA 
I f [ l h D E X I J ) I  30r250r60 

IFIlLCEX(I1)) 4 0 ~ 2 5 0 r 5 5  

I F ( A B S  (PIVLTB - ABS I A I I J 1 ) ) )  5 0 * 5 b e 5 5  

C S t b R C H  FOR PIVCTAL CLERENI . 

3t CO 5 5  I 1  * A r k A  

+O I J I  - I J  4 XI 
5 t  l R U n  = I 1  

JCGL - J 
P I W T  * A ( X J 1 )  

SS CONTfkUE 
60 I J  = I J  + hrlC 

65  I Y D t X I J L C L )  = I A B S  ( I N D t X I J C 0 L ) I  
1F I P I V D T J  6>.2% e 65 

C IY IERCHANGE ROWS r0 PUT PIVOTAL CLEPENT ON DIACCNAL 
IF(1RbU - J I L L 1  70*30r70 

70  LET -LCT 
i J  = IRLd 
1J1 = JLOL 

S I V t  = A t I J J  
A I I J )  9 A ( I J 1 J  
A I I J l l  * S A V k  
I J  - f J  4 h A C  

BO I J I  = I J 1  t hAD 
90 IYUESII) - I L D E X I I )  ( L O U 0  I R O Y  + JCOLl 

GET = DCT P I V O T  

I J  - JCUL + IJCOL - 1) NAD 

1J = JCbL 

A ( I J 1  - A I I J J  I PIVOT 
100 1J - I J  + M L ;  

DO 80 J 1 w h A  

t C I V I D E  PIVOTAL ROW BV PIVbTAL €LEMENT 

A t I J l  1.0 

L U  LOO J = l *MA 

c .  REOUCE NON-PIVOTAL ROkf 
f J  = tJCCL - 11 NAC 

i J  = J J  + 1 
UG 130 I 1  l . N A  

IF111 JCGLJ 110e130*110 

A t I J )  0.0 
110 SAVE A(1J) 

1J2 JCOL 
1 J l  - 11 
Lib 120 J Arid& 
A 4 f J 1 )  = A r l J l J  - A ( I J 2 )  SAVE 

609 
609 
609 
b09 
609 
609 
609 
609 
609 
609 
609 
60Y 
609 
609 
609 
bOY 
609 
609 
b09 
609 
609 
609 
609 
609 
609 
609 
609 
bOY 
b09 
6 0 Y  
609 
609 
609 
609 
609 
60 9 
609 
609 
609 
609 
609 
609 
603 
60y 
609 
609 
609 
609 
609 
609 
609 
609 
609 
60y 
6bY 
609 
bOY 
6 09 
60Y 
609 



- ‘ I  = 1 ~ 1  + WAC 
12C a - 2  = I J 2  + NAL, 

r ’c rL01 .  = b t f  

ULl 161) h 1rNA 
J = k A  + 1 - K 
ZRCk = IhDEXIJ) J 1000 
JCOL = I h l ) t r ( f J l  - IXOU 1000 

130 C C k l I N U t  

c sT€RCHAN(;E CCLUHNS 

IF( JCUL - IAGWI 1401 160.140 
140 I J  = (IUCW - 1) *NAD 

IJL = LJCLjL - 1) *NAD 
00 150 1 irNA 
1J - 1 J  + 1 
1 J 1  * I J 1  + 1 
S A V t  - dllJ) 
A I I J )  = A t l J 1 )  

150 AIIJLI = S A J t  
160 CONTINUC 

C A IWERSE IS ACY STORED In A 
C FIND SOLUTION VECTORS FOR ALL CONSTANT VECTORS INPUT 

IFIkBI 2 1 0 ~ 2 1 0 * 3 7 6  

GU 200 K 1rNE 
GO 1&0 I A*NA 
B i t I J  0.0 

423 180 J a 1 i h A  

170 IJ1 = 0 

1J * I 

1J1 1 I J I  + J 
b 1 0 )  8111) + AIIJ) bIAa2) 

180 1J = 1 J  + NAG 

I J 2  * I J I  + I 
I)O 190 I 1-NA 

1 Y O  U l I J Z l  = B l l I )  
200 1 J l  - I J 1  + h8D 

C scliuirw vEcrws Nan IN B 
C C H t C K  FOR GVERFLOd CONDITION AND SET ERROR SI6NAL 
ZAU L l L L  OVtWFLIIKCEX) 

230 [ERROR = -1 
210 REfURh 

I F  [ I N O E 1 ~ 1 l 2 3 0 , 2 3 0 i Z I O  

139 609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 ‘ 

609 
609 
609 
609 
6 09 
609 
609 
609 
609 
609 
609 
609 
609 
609 
609 

r: I F  CONTROL R E K H E S  2509 M A T R I X  IS SINGULAR OR A )rACHlNE 609 
C ERROR H A S  UCCURED 649 

250 IERHCR = 1 609 
LO l a  2*Ll 609 
END 609 
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AKCLT? OF i?XOFSLLAST, P0,WS 
LHi = 700i1.00 
lip-1 = s5303.00 
LO2 = 1?7OC.00 
LF2 = 5 X C . C O  

EXPERIMEIEAL 'V'AZJES CF T ,  P ,  'J 
CEC-REES KEL'XN = 1800.0 
ATMOSPEERES = 1.0 
CUBIC F E Z  = 47000000. 

THEORETLCAL RESULTS 
IGENTIFICATION OF PRC3JZZS OF REACTION 

H20 
02 
H 

47 

0.000 
0. 
0.000 

(3.00 
0. 
4.70 

(3.000 
0. 
0.000 

0. 
0. 
5. 

0.0000 
0. 
0.0000 

c 02 H2 N2 F2 
co NO OH 
- C 0 

HF 
N 

ITZiUTIOKS REQ'IKED FOR SOiiTiION 

C,OGG (2.434 0,278 0. 
0.013 0.202 '2.000 0.000 
0.000 0.000 0.068 0.000 

O.O@ 8706.90 5512.21 0. 
263.16 L015.47 0.00 0.00 
0.00 0.00 1353.13 0.00 

G.000 0.439 0.278 0. 
0.013 0.202 0.000 0.000 
0.000 0.OOC 0.068 0.000 

0. 17553. 154A30. 0. 
5265. 112473. 0. 0. 
0. 0. 16251. 0. 

0.0000 0.0574 0.5047 0. 
0.0172 0.3676 0.0000 0.0000 
0.0000 0.0000 0.0531 0.0000 

r c 

?ARTIAL Fil"cSS7RES 

POUNG MOLES 

PRESSURE, MOLE, VOLUME RATIOS 

POUND W E I G E S  

WEIChT RATIOS 

BCRNING RATE, POUNDS 
LH2 = 7000. 
RP-1 = 75300. 
LO2 = 17700. 
LF2 = 5000. 

AMOUNT OF ENTRAINEE AIR 
MOLES = 6960. 

F0;MDS = 201599. 
PRESSURE, MOLE, VOLUME RATIO - 0.351 
WEIGHT RATIO = 0.6589 

TOTAL THEORETICAL POUND MOLES = 19856. 

THEORETICAL VCL'LrlE = 46962371. 
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